DDTs have been banned in China since 1983, their residues are still persisting in environments and will influence organisms for a long time [3] .
As a substitute for DDTs, dicofol was invented as an acaricide to prevent mites on cotton, fruit, and flowers. Dicofol is synthesized from C 6 H 5 Cl and CCl 3 CHO, with DDTs as the intermediates. Recent surveys have revealed new DDT inputs (i.e., "dicofol-type'' DDT input pattern) at some waterbodies in China, which was speculated to originate from current production and the wide application of dicofol [4] [5] [6] , since dicofol products inevitably contain DDT-related compounds as impurities [1] .
Both DDTs and dicofol can enter the aquatic environment in agricultural runoff of rain and irrigation, where they pose significant toxicological risks to resident organisms. Toxicity assessments of DDTs and dicofol have been conducted on various organisms, including humans, mammals, fish, birds, Daphnia and copepods. The results showed that these organochlorine pesticides adversely affected organisms even at low concentrations [7] [8] [9] [10] . Therefore, to comprehensively understand environmental risks of DDTs and dicofol, toxicity assessments should be investigated on as many species as possible, especially those abundant, widely distributed, and ecologically important organisms.
Rotifers are widespread and generally abundant in aquatic ecosystems and play significant roles in aquatic ecosystems [11] [12] . Rotifers are also valuable live feeds for aquaculture and fisheries [13] . Due to the easy culture process and high sensitivity to pollutants, rotifers in the genus Brachionus are promising model animals for toxicity assessments. From 2004, the monogonont rotifer B. calyciflorus has been included as a standard freshwater bioassay species by the American Society for Testing and Materials [14] . Thereafter, toxicity evaluations using Brachionus have been successfully applied to heavy metals, pesticides, and other chemical compounds [15] [16] [17] [18] [19] . Because of their wide distribution and inevitable contact in aquatic ecosystems, it is necessary to assess the effects of DDT and dicofol on Brachionus rotifers.
Regarding the effects of DDT and dicofol on rotifers, Rao and Sarma [20] first reported the effects of sublethal concentrations of DDT on the demographic parameters of B. patulus. Thereafter, Xi et al. [21] investigated the toxicities of DDT and dicofol to the sexual reproduction of B. calyciflorus by 3-day population growth tests, and Xu et al. [22] evaluated the long exposure effects of DDT and dicofol on population growth of B. calyciflorus under different algal densities. Life table demography is an important tool for measuring the chronic effects of toxicants on R-strategist species, and the life table parameters of rotifers suggests the suitable and sensitive endpoints for assessing the toxicity of chemicals [12] . Until now, responses of life table demographic variables of B. calyciflorus to DDT and dicofol -such as age at first reproduction, life expectancy at birth, net reproductive rates, generation time, life span, and the intrinsic rate of population increase and finite rate of increase -have not been reported.
Based on single species toxicity experiments, safe concentrations of chemicals could be calculated and extrapolated to population, community, and ecosystem effects [23] . In the present study, to comprehensively reveal toxicity of DDT and dicofol to rotifers, changes of life table demographic parameters of B. calyciflorus in response to DDT dicofol exposure were investigated. These results would contribute knowledge of environmental risk of DDT and dicofol to aquatic ecosystems.
Materials and Methods
Chemicals and Preparation of Testing Solutions DDT (2,4'-Dichlorodiphenyltrichloroethane, CAS: 789-02-6, C 14 H 9 Cl 5 , purity>99%) and dicofol (CAS:115-32-2, C 14 H 9 Cl 5 O, purity>99%) were purchased from Sigma-Aldrich (Munich, Germany) and then dissolved in acetone to prepare 10 mg/L stock solutions. The stock solutions were stored at 4ºC.
Based on results of pre-tests, five concentrations (0.08, 0.16, 0.32, 0.64, and 1.28 mg/L) of DDT and dicofol were included. These testing solutions were prepared by diluting stock solution with EPA medium [24] with final acetone concentrations of lower than 0.2% (v/v). Blank control using the EPA medium and solvent control (0.2% acetone in EPA, v/v) were also performed. The actual concentrations of DDT and dicofol were determined using an Agilent 6890 gas chromatograph (Wilmington, DE, USA) equipped with an 63 Ni electron capture detector (µ-ECD) and a fused silica capillary column (DB-5, 30×0.25 mm i.d. and 0.25 µm film thickness). Nitrogen was used as the carrier and makeup gas [25] .
Culture of Animals
B. calyciflorus was originally isolated from Lake Jinghu (31°33′N, 118°37′E, Wuhu, China), and then clonally cultured in the hard synthetic freshwater at 25±1ºC. The light cycle was 12:12 h (light:dark) with light intensity of 3000 lux. After six months, rotifers were transferred daily to new medium containing and fed fresh green algae Scenedesmus obliquus at a density of 3.0×10 6 cells/mL S. obliquus were grown in a semi-continuous culture using HB-4 medium [24] . Algae at exponential growth phase were harvested by centrifugation at 4,000 rpm and counted using a hemacytometer under a microscope.
Life Table Experiments
Before commencement of experiments, rotifers with amictic eggs were transferred to a glass dish and placed under the same conditions. Within 2 h, newly born rotifers were collected for life table experiments, which were carried out in 24-well tissue culture plates. Each well contained one neonate (<2 h old) and 0.5 mL of test solution with 3.0×10 6 cells/mL S. obliquus. Rotifers were observed every 2 h during the initial 48 h, and the time at production of the first egg and at hatching of the first neonate was recorded. Next, the number of produced eggs and hatched neonates, the number of original individuals alive were recorded every 8 h and then neonates were discarded. Testing solutions were changed every 24 h. The life table experiments were conducted in darkness (excepting when the rotifers were observed under a light microscope) at 25±1ºC until all individuals died. Each treatment was repeated 40 times. Data of each ten replicates were pooled randomly to calculate life table parameters.
Based on the as-obtained data, duration of juvenile period, survival time of every individual, age-specific survivorship (l x , x was defined as the age interval) and age-specific fecundity (m x ) were calculated as described previously [26] . Net reproductive rate (R 0 ), generation time (T), life expectancy at hatching (e 0 ), intrinsic rate of population increase (r m ), and finite rate of increase (λ) were calculated according to Sha et al. [17] .
Statistical Analysis
All the data analyses were carried out using the SPSS package 16.0 (SPSS, Inc.). One-way analysis of variance (ANOVA) was conducted to identify significant differences in each life-table demographic parameter among treatments, followed by pair-wise comparisons using least significant difference (LSD) post-hoc tests [27] . p<0.05 was considered statistically significant.
Results and Discussion
Life table experiments derive both survivorshipand reproduction-related variables, which are sensitive indicators to environmental stresses [28] . Among them, age at first reproduction, life expectancy at birth, net reproductive rates, generation time, and the intrinsic rate of population increase of rotifers have been quantified to represent environmental disturbances and toxic stressors [12, 29] . In the present study, all tested life table variables (except generation time) were all significantly influenced by treatments with 0.08-1.28 mg/L DDT and dicofol ( 
DDT and Dicofol Affected Both Survivorship and Fecundity of Rotifers
Survivorship parameters are generally less sensitive to stress than reproduction parameters [28] . For example, survivorship of B. rubens was not affected by treatments with low levels of DDT, while net reproductive rate and intrinsic rate of increase were depressed significantly [20] . In the present study, treatment with 0.32, 0.64 and 1.28 mg/L DDT significantly declined age-specific survivorship (l x ) after 16, 16 and 40 h, respectively, in comparison to the control. Similarly, there were significant declines of l x in treatments with 0.64 and 1.28 mg/L dicofol after 16 h (Figs 2, 3) . These results suggested that both survival time and rate were sensitive to DDT and dicofol at tested concentrations.
Results of age-specific fecundity (m x ) also revealed negative effects of DDT and dicofol on rotifer reproduction (Figs 2, 3) . Compared to the controls, treatment with 0.32 mg/L DDT significantly decreased m x during 16 h to 72 h, and treatments with 0.64 and 1.28 mg/L DDT displayed the most severe inhibition 
Effects of DDT and Dicofol on Life Table Demographic Parameters
Compared with the blank control, treatment with acetone (0.2%, v/v) did not affect life-table demographic parameters (p>0.05), suggesting that solvents in testing solutions did not disturb the effects of DDT and dicofol (Table 1) .
Several studies have found that sublethal concentrations of dieldrin, polyfluorinated compounds, and rifampicin significantly prolonged T of B. calyciflorus [23, 26, 31] , while thiophanate-methyl, polybrominated diphenyl ethers (BDE-47), and mercury significantly shortened T of rotifers [17, 30, 32] .
In the present study, no significant change of T was detected in all treatments (p>0.05), similar to Rao and Sarma [20] . These results suggested that T might be insensitive to DDT and dicofol -probably attributed to the physical and biochemical properties of chemicals and the anatomy and physiology of test animals [17] . In comparison, when exposed to 0.32 mg/L DDT and 0.64 and 1.28 mg/L dicofol, R 0 , r m , and λ decreased significantly (p<0.05). Treatments with 0.32 mg/L DDT and 1.28 mg/L dicofol significantly decreased e 0 (p<0.05). It is worth noting that B. calyciflorus exposed to 0.64 and 1.28 mg/L DDT could not survive the reproductive period, which contributed to the null values in these treatments ( Table 1 ). The present results suggested that R 0 , r m , and λ could be used to monitor DDT pollution and e 0 could be used to assess the toxicity of dicofol.
DDT Displayed Potential Endocrine Disruption Activity
Organochlorine pesticides such as chlordecone, aldrin, and dieldrin generally display endocrinedisrupting activity (lengthened reproductive period) at low concentrations, but reveal toxicity at high concentrations [26] . For example, treatment with 0.05 mg/L chlordecone and 0.02-0.16 mg/L aldrin prolonged the life span of B. calyciflorus, and 0.001-1000 μg/L dieldrin elongated generation time and life expectancy of rotifers. In the present study, survival time significantly increased in treatment with 0.08 mg/L DDT, but decreased at concentrations higher than 0.32 mg/L, displaying typical characteristics of hormesis that low concentration stimulate but high concentration inhibit [33] . Moreover, hormesis were observed more often in reproduction endpoints than survival [17, 34] . However, in the present study, reproductive parameters were not affected by treatment with 0.08 mg/L DDT, suggesting that low concentrations of DDT could cause obvious hormesis on survival rather than reproduction indices. These results stated that the hormesis effects on reproduction and lifespan of rotifers varied among toxicants and concentrations. Fig. 3 . Age-specific survivorship (l x ) and fecundity (m x ) of Brachionus calyciflorus exposed to different concentrations (mg/L) of dicofol. 
Trade-off Between Survival and Reproduction
There is a trade-off between longevity and reproductive performance in rotifers. Under pesticide stresses, Philodina roseola allocating more energy to reproduction, which would negatively affect future reproductive performance of offspring and its own survival [35] . Sun et al. [36] also reported that the trade-off between lifespan and reproduction at different food conditions in B. plicatilis. To the best of our knowledge, no report has investigated the possible trade-off between reproduction and lifespan in rotifers when exposed to sublethal DDT and dicofol. In the present study, B. calyciflorus exposed to 0.64 mg/L DDT could successfully finish the juvenile period and produce eggs. However, partial eggs soon detached from female rotifers before hatching, indicating that rotifers preferred to invest more energy to survival rather than reproduction, which supported the hypothesis that the trade-off between survival and reproduction generally occurs when rotifers confront stressful environments [37] . Moreover, this trade-off became more obvious when increasing concentrations of DDT, since the inhibition of reproduction was more severe in treatments with high than low DDT levels, with a clear dose-response relationship between R 0 , e 0 , r m , λ and concentrations of DDT and dicofol ( Table 2 ).
Comparison of Toxicity Between DDT and Dicofol
To better compare toxicity of DDT and dicofol, the same series of concentrations were used for these two pesticides. Although their structures were Table 1 . Net reproductive rate (R 0 ), generation time (T), life expectancy at hatching (e 0 ), intrinsic rate of population increase (r m ), and finite rate of increase of Brachionus calyciflorus exposed to different concentrations of DDT and dicofol.
Toxicant
Concentration (mg/L) Table 3 ), suggesting that most life table parameters of B. calyciflorus were more sensitive to DDT than dicofol, and that DDT was more toxic to B. calyciflorus than dicofol. These results agreed with the published results associating changes of sexual reproduction and longterm population growth of B. calyciflorus in response to treatments with DDT and dicofol [21] [22] .
Conclusions
In summary, the results of the present study showed that both DDT and dicofol had adverse effects on B. calyciflorus. The life table variables of rotifers (except generation time) were all significantly influenced by both DDT and dicofol at 0.08-1.28 mg/L, and were suitable endpoints for assessing the effect of the DDT and dicofol on survival and reproduction of the rotifers. The phenomena of hormesis and trade-off between survival and reproduction have been found when B. calyciflorus were exposed to DDT at 0.08 and 0.64 mg/L, respectively. Compared with dicofol, DDT was more toxic to life table demographic variables of rotifers. Table 3 . Estimates of chronic toxicity of DDT and dicofol on the net reproductive rate (R 0 ), life expectancy at hatching (e 0 ), intrinsic rate of population increase (r m ), and finite rate of increase of Brachionus calyciflorus.
